Objective: Arterial stiffening is an early marker of atherosclerosis that has a prognostic value for cardiovascular morbidity and mortality. Although many markers of arterial hardening have been proposed, the search is on for newer, more user-friendly and reliable surrogates. One such potential candidate has emerged from cardiology, the speckle-tracking technique. The aim of this study was to evaluate the feasibility of the two-dimensional speckle tracking for the evaluation of arterial wall stiffness in comparison with standard stiffness parameters. Methods: Carotid ultrasound and applanation tonometry were performed in 188 patients with no cardiovascular risk factors. The following parameters were then evaluated: the intima-media complex thickness, distensibility coefficient, b-stiffness index, circumferential strain/strain rate, and pulse wave velocity and augmentation index. These variables were compared with each other and with patient age, and their reliability was assessed with Bland-Altman plots. Results: Strain parameters derived from two-dimensional speckle tracking and intima-media complex thickness correlated better with age and pulse wave velocity than standard makers of arterial stiffness. Moreover, the reliability of these measurements was significantly higher than conventional surrogates. Conclusions: Two-dimensional speckle tracing is a reliable method for the evaluation of arterial stiffness. Therefore, together with intima-media complex thickness measurement, it offers great potential in clinical practice as an early marker of atherosclerosis.
Introduction
The assessment of arterial stiffness is increasingly used in the clinical practice because, as a prelude to development of atherosclerosis, it has prognostic value for cardiovascular morbidity and mortality. [1] [2] [3] [4] [5] The carotid-to-femoral pulse wave velocity (PWV) is a gold standard method for assessment of segmental stiffness in the aortic tree. A meta-analysis of 15,877 subjects with a mean follow-up of 7.7 years showed that the risk of cardiovascular events, cardiovascular mortality, and all-cause mortality is almost twice as high in subjects with increased aortic PWV. 6 Another meta-analysis including 17,635 participants with a follow-up longer than one year indicated that PVW has a predictive value for cardiovascular events and mortality, even after accounting for other established cardiovascular risk factors. 7 Nevertheless, assessment of the PVW with applanation tonometry requires dedicated equipment and is time consuming, which decreases its practicality in everyday clinical practice. Moreover, the reliability of this technique has been called into question due to its unsatisfactory accuracy with regard to carotid-femoral distance measurements, 8, 9 pulse transit time estimation, 1 and large degree of variation between PWV measurements obtained with different tonometers. 10 In contrast to tonometers, ultrasound equipment is ubiquitous in the hospital environment. The carotid arteries are typically assessed due to an early manifestation of the atherosclerotic process. 11 In addition, a recent meta-analysis found greater carotid stiffness to be associated with higher stroke incidence, regardless of age, sex, blood pressure, other cardiovascular diseases (CVD) risk factors, or adjustment for PWV. 12 Evaluation of the intima-media complex thickness (IMCT) is commonly performed 11, 13, 14 and allows the occurrence of stroke and myocardial infarction to be predicted, independent of traditional cardiovascular risk factors. 15 In addition, other arterial stiffness markers, notably the b-stiffness index, elastic modulus, Young's modulus, and dispensability coefficient, have also been developed. [16] [17] [18] However, these indicators are not free of disadvantages such as assumption of arterial wall homogeneity, blood pressure dependence, or acquisition of one-dimensional data that is angle dependant. 17, 19, 20 Therefore, more objectified and user-friendly solutions based on speckle tracking and the analysis of tissue motion have been proposed. [21] [22] [23] [24] Nevertheless, the relationship between these novel markers and standard stiffness parameters remains unclear.
The aim of this study was to evaluate the practicality of two-dimensional (2D) speckle tracking for the evaluation of arterial wall stiffness in comparison with standard stiffness parameters and the gold standard method of PWV.
Methods
A total of 188 patients underwent carotid ultrasound and applanation tonometry. The study population was recruited for the purpose of the "Diamentowy Grant" study (No DI2012 007742), whose aim was to assess the relationship between asthma and risk of atherosclerosis. The inclusion criterion was an age of over 30 years. The exclusion criteria were as follows: tobacco smoking (defined as consuming at least one cigarette daily), systemic corticosteroid uptake during the previous six months, the presence of atrial fibrillation, diabetes mellitus, ischaemic heart disease, and formed cardiovascular events (self-reported, documented in patients record, or treated with medication), and previous surgeries in the neck region. All participants signed the informed consent to participate in the study and the study protocol was approved by the Local Bioethics Committee (RNN/41/13/KB).
Arterial stiffness assessment
Measurement of the PWV and augmentation index (AI) was performed with an applanation tonometer (SphygmoCor, AtCor Medical, New South Wales, Australia). The patient laying in a supine position. The distance from the jugular notch to the carotid artery sampling site (palpated site of its strongest pulsation) and the femoral artery sampling site (in the groin) was measured. The travel distance was estimated by subtracting the distance between the carotid sampling site and the jugular notch from the distance between the jugular notch and the femoral sampling site. This approach was used because it has been demonstrated to result in the best correspondence with invasive measurements. 25 The electrocardiogram (ECG) trace was obtained. After 5 min of rest in a semi-dark quiet room, blood pressure was measured with a semiautomatic sphygmomanometer. Then, the central aortic pressure waveform and AI were evaluated based on the radial artery waveform. AI was defined as the proportional increase in systolic pressure due to the pulse wave reflected from peripheral arteries. It was expressed as a percentage of the central pulse pressure. This parameter seems to be related to structural aortic atherosclerotic disease. 26 Following this, the PWV was measured by sequential recordings of the arterial pressure waveform at the carotid and femoral artery sampling sites. Aortic PWV was calculated as the ratio of the estimated travel distance in meters to the transit time of pulse wave in seconds. This parameter reflects central arterial, mainly aortic, and stiffness. 25 The quality of measurement was evaluated by an assessment of the operator index. If the value was not sufficient (lower that 75%), the measurements were repeated.
Ultrasound examination
Carotid ultrasound was performed in the same semidark, quiet room after at least 5 min using the Vivid 7 apparatus (GE Healthcare System) equipped with an ML-12 linear probe. The examination protocol is described elsewhere. 20, 27 Initially, long axis images of both common carotid arteries were obtained up to the carotid bulb. The IMCT was visualized and cine loops of three cardiac cycles were saved. Following this, the short axis of the common carotid artery was visualised about 1 cm below the bifurcation and another loop of three cardiac cycles was stored. To minimize the respiration-related motion artefacts, all acquisitions were performed during a short breath-hold at the end of expiration. Further analysis was performed on a workstation equipped with dedicated software (EchoPac PC, GE Medical System).
The mean IMCT of the far wall was measured at the R wave on the ECG. Evaluation was performed with a semi-automated border-detection program at a distance of 200 points proximal from the carotid bulb, during each of three cardiac cycles in the cine loop. The averaged value was calculated and used for further analyses. In 2D speckle-tracking analysis to calculate global circumferential strain and strain rate, the region of interest was placed along the border between the intima-madia and vessel lumen in the short axis view. The mean amplitude from three cardiac cycles for each parameter was calculated and used for further analyses ( Figure 1 ). Based on the same short axis view, the standard stiffness parameters were calculated based on the following formulas:
Statistical analysis
The statistical analysis was performed with Statistica 12 software (StatSoft, Cracow, Poland). A p value lower than 0.05 was considered significant. The results are presented as mean and standard deviation unless otherwise stated. The normality of data distribution was assessed with the Shapiro-Wilk test. To compare atherosclerosis markers between body sides, the Student's t-test for repeated samples was used for normally distributed data, while the Wilcoxon singed-rank test was used for data with a skewed distribution. To evaluate correlations, Pearson or Spearman rank correlation coefficients were applied for normally and non-normally distributed data, respectively. The results of interand intraclass agreement were analyzed with the Bland-Altman plot.
Results
The study population comprised 132 females and 56 males of similar age (mean age Table 1 .
Both PWV and AI correlated significantly with age (R 2 = 0.40 and 0.25, respectively; p ¼ 0.000). The correlations between PWV, AI, and age with the sonographically evaluated markers of atherosclerosis are presented in Table 2 . CS and CSR were found to correlate more closely with PVW than standard Figure 1 . Example of 2D-speckle tracking measurements. (a) ROI set along the wall of the common carotid artery. Plots of circumferential strain (b) and circumferential strain rate (c) in three consecutive heart cycles. sonographic markers. Only CSR correlated significantly with AI. The evaluation of strain parameters with 2D speckle tracking possessed the second highest intra-and interrater agreements of all the evaluated methods, as given in the Bland-Altman plots ( Figure 2 and Table 3 ).
Discussion
Our study found that the assessment of strain parameters using 2D speckle tracking correlated better with PVW, AI, and age than standard sonographic parameters of arterial stiffness. In addition, this method of evaluation was found to be more reliable and was characterized with better intra-and inter-rater agreements than the others.
The poor correlation between standard stiffness parameters and PVW, 28 and between different techniques assessing arterial compliance 10, 29 has been reported before. A study by Huck et al. 10 performed on 20 young, healthy volunteers found that sonographic markers of arterial stiffness did not correlate with PVW. However, these findings do not imply that these markers are worse than PVW, but rather that they may represent different aspects of the development of atherosclerosis. 29 This statement is also supported by our observation that all evaluated parameters correlated with increasing age, which is a well-defined risk factor in atherosclerosis. 5, 30 Therefore, the use of a combination of different techniques may provide more reliable information on the condition of the patient and the progression of atherosclerotic process, especially in the subclinical phase of the disease.
A number of guidelines state that the evaluation of subclinical atherosclerosis by means of both PWV and IMCT improves the stratification of risk of cardiovascular events. 4, 14 The incorporation of PWV into risk prediction models improved the overall 10-year classification of these events and their mortality by 13%. 7 These figures concern particularly younger individuals classified as being at intermediate risk using traditional risk factor assessment. 7, 14 In addition, markers of arterial stiffness are known to enhance risk prediction to a greater extent than circulating biomarkers for primary prevention. 2 The mean age of the population of patients in this study was within the middle 50s, which indicates that 2D speckle tracking may be a feasible approach to the evaluation of arterial stiffness in this group of patients. These findings are in accordance with those of other studies, which indicate that 2D speckle tracking-based strain measurements have better performance than conventional measures of vascular stiffness (e.g. elastic modulus and b-stiffness index) regarding the detection of age-related changes in the elastic properties of the common carotid arteries.
Recent years have seen a vigorous expansion of speckle-tracking techniques from cardiology into vascular research. Speckle-tracking techniques have shown potential in detecting the subclinical signs of arterial stiffening associated with increased cardiovascular risk. 19, 21, 22 The feasibility of this method has been validated by in silico 31 , in vitro 21, 32 , and in vivo 19, 20, 22, 23 . It offers an advantage over standard stiffness parameters because data acquisition is independent of both measurement angle and blood pressure. 20 In addition, the method has been found to be of value in studies on mice and rabbits and has demonstrated its value in the assessment of carotid plaque vulnerability. 33, 34 It can be used to assess not only circumferential and radial strain but also longitudinal strain, which has been reported as a risk factor for cardiovascular events. 21, 31, 35 Furthermore, due to segment-wise analysis, it can take into account the influence of neighbouring structures such as the internal jugular vein, which has been proposed as a soft spot which may bias the assessment of arterial stiffness when examined using conventional sonographic markers. 27 Finally, our present findings, and those of others, 19, 22, 24, 36 confirm that speckle tracking has very good reproducibility exceeding standard ultrasound parameters 23 . The limitation of this study is that the clinical relevance of the observed correlations remains unknown because the study does not take into account future cardiovascular events. As a result, we cannot recommend which arterial stiffness markers should be included into the scanning protocol. Nevertheless, in routine clinical practice, where carotid ultrasound is performed far more often that applanation tonometry, the evaluation of circumferential strain and strain rate seems to be a better substitute for PVW and AI than other arterial stiffness markers.
Conclusions
Although our findings cannot determine which of the arterial stiffness markers is superior or more correct, it was found that 2D speckle tracking is a reliable method of evaluating strain parameters. Thus, together with IMCT measurement, it offers great potential in clinical practice as an early method of identifying atherosclerosis. Nevertheless, the prognostic value of this method has to be assessed in longitudinal studies.
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